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Abstract—We describe the development of a cryogenic thermal ~ As the power in the signal resistor changes (for example,
transfer standard (CTTS) from the first prototype in 1997 to  when the signal is switched from ac to dc or vice—versa), the

the present version. A description of the superconducting ransi- 491 nower at the converter node is kept constant by adjusting
tion-edge sensor and the development of a superconducting input h in the tri ist that
transmission line are given. We also present data demonstrating € power in the tnm resistor, So tha

the performance of the CTTS. AP AP )
Index Terms—AC-DC difference, cryogenic converter, primary signal = T & trim- 2)
standards, thermal converters. o . . .
By monitoring the voltage supplied to the trim resistor, the ac—dc

difference,s, of the CTTS in parts in f0may be determined

|. INTRODUCTION from
HE MOST accurate rms measurements of voltage and cur- Qac — Que G
rent are made by comparing the heating effect of an un- o= Que x 10 ®3)

known ac signal to that of a known dc signal using a thermal

converter. Thermal converters are usually composed of oneVdtereQ,. is the ac quantity of interest aiggl;. is the average of
more thermocouples arranged along a heater structure, genetiytwo polarities of dc input that produces the same output from
awire or thin-film conductor [1], [2]. The most accurate thermdhe thermal converter as that producedhy. Since very small
converters are multijunction thermal converters [3], which aghanges in the input signal power (and hence the temperature of
used at most national measurement institutes as the basistiérthermal node) create large changes in the resistance of the
ac voltage and current calibrations. The limiting factors for tHgansition-edge sensor (TES), this technology has the potential
accuracy of these thermal converters at low voltages and autfide a very powerful method of measuring ac—dc differences.
frequencies are, to a great extent, thermal and thermoelectricAs-shown in Table I, the sensitivity of the TES is several orders
fects that are temperature dependent [4]. of magnitude greater than that of an ordinary thermocouple.

We are developing a thermal transfer standard that operateghe resistance of the TES is monitored using an ac resis-
at temperatures below 10 K, where these thermal effects are @@ce bridge with an integrated temperature controller. The tem-
pected to be quite small. The cryogenic thermal transfer stdgrature controller uses a proportional-integral-derivative (PID)
dard (CTTS) is especially suitable for use at extremely sm&@ntrol algorithm to supply the power to the trim heater neces-
input power levels, where an accurate primary standard does $@ty to maintain the appropriate thermal node at a temperature
as yet exist. It is hoped that this effort will eventually lead to théetermined by the critical temperatutg.) of the TES. In prac-
introduction of a new class of primary standard for ac—dc diffefice a separate resistance bridge/temperature controller combi-

ence calibrations, with uncertainties an order of magnitude lg¥gfion is used to control each of the two thermal nodes (the con-
than present primary standards. verter stage and the reference platform) in the CTTS.

Il. THEORY OF OPERATION I1l. DESIGN

The CTTS operates on a power substitution principle illus- An important concern in the design of the CTTS is to mini-
trated in simplified form in Fig. 1. The total power at the conmize the flow of heat onto the thermal converter. Theof the

verter thermal nodel, .1, IS niobium—-tantalum (NbTa) alloy of the TES is about 6 K, with a
transition region about 3 mK wide. The cold plate of the cryostat
Protal = Pirim + Fignal (1)  is maintained by liquid helium at 4 K; therefore the thermal con-

verter must be partially isolated thermally from the cold plate.
This partial thermal isolation must be sufficient to maintain the
converter in its transition region without supplying much power
(and therefore heat), but must still allow the converter to cool in
Manuscript received May 14, 2000; revised October 23, 2000. areasonable time. This is accomplished by placing the converter
T. E. Lipe and J. R. Kinard are with the Electronics and Electrical Engt-h | d d slightly th Ilv isolated f "
neering Laboratory, Electricity Division, National Institute of Standards an ermal noae qn, f”m slightly thermally isolate rom{ a rg er-
Technology, Gaithersburg, MD 20899-8111 USA. ence platform (indicated by the platform thermal node in Fig. 1)
C. D. Reintsema is with the Electronics and Electrical Engineering Laborghat is secured to the cold plate by four stainless steel Iegs. The
tory, Electromagnetic Technology Division, National Institute of Standards andf latf | 3.79Ioh h b h
Technology, Boulder, CO 80303 USA. reference platform employs a 3.72lphosphor-bronze heater
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wherel,;, is the power supplied to the trim resistor afigh 1
is the power in the signal heater.
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converter thermal node

R i
R trim

TABLE |
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SENSITIVITY OF A TYPICAL THERMOCOUPLECOMPARED TO ATES. THE LAST
ROW IN THE TABLE IS THE LOGARITHMIC DERIVATIVE OF THE SENSITIVITY

Thermocouple TES
signal  TES T-Tambient ~200K T-Tambient ~ 100 mK
thermal mass, G (dV/dTDpeax | 100 pV/K | (dR/dT)pea | 8000 Q/K
/
thermal conductance /% electrical resistance Z(d_Vj <1 Z(d_R) ~ 3100
G V dT peak R dT peak
platform thermal node

Fig. 1. Electrical substitution diagram of the CTTS, showing the signal and
trim heaters R;zna1 andRy.im ), the transition-edge sensor (TES), and the two
thermal nodes.

PdAu Au
reference platform to about 6 K, or just below theof the con- Trim Signal
verter-stage TES. Heater ~ | Heater

Both the reference platform and thermal converter stage 450Q 7Q
employ a TES chip, shown in Fig. 2. On each of the 1 cm
square chips is a TES, af7 gold signal heater, and a 450

palladium—gold trim heater. The TES chips are epoxied to
molybdenum disks (to match the thermal expansion of the
silicon substrate), which are in turn mounted to the gold-plated,
oxygen-free high-purity copper (OFHC) platforms. Signalsig. 2. Transition-edge sensor chip. The die size is Ixcthcm.
from the ac bridges and temperature controllers are carried
to the converter stages via niobium (Nb) ribbons, bonded to
pads on both the TES and heaters at one end and bonded ta
tracks on circuit board material mounted on the reference
platform at the other end. The first prototype [5] featured
a TES fabricated from Nb; however, t#® of Nb is about

9 K, so that the TES and the Nb ribbons had approximately
the samel.. This arrangement is not ideal, since at 9 K the
ribbons may not be fully superconducting and their resistance
fluctuates with the power applied to the chip, resulting in
some heat being conducted onto the converter stage as well as
introducing errors due to the variations in the lead resistance.
These problems were solved by fabricating subsequent sensors
from a NbTa alloy. The Nb ribbons are fully superconducting
at the. of the NbTa TES, and no heat flows along the ribbons

onto the converter stage. The circuit boards on the reference

. - : . 3. Reference platform and converter stage of the CTTS. The background
platform route the signals under an OFHC radiation shield gﬂhe 4K plate of the cryostat.

four-pin connectors at the edge of the platform. The bridge

measurement and control signal leads are of 0.0127 cm ma

o . hoice for an electrical transmission line owing to its resistan
ganin wire, which is thermally anchored to several temperatu? oice for an electrical transmission line owing to its resistance

stages, including the 4 K cold plate of the cryostat, the si fabout ?ﬂ’cm_- Infgct, the gc_—dcdﬁferences ofthe CTTS mea-
of the liquid helium tank, and the liquid nitrogen tank. Thgured using this twisted-pair input lead were extremely large as

signals are passed through the vacuum jacket of the cryostafao\ﬁ)Italge conyerter partlcular_ly .at high frequencies, due to reac-
hermetically-sealed connectors. A photograph of the referer}ggce effect_s in the leads. This input §tructure also created large
platform and converter stage is shown in Fig. 3. and uncertain voltage drops from the |r_1put cc_)n_nectorto the con-
verter stage. Measurements made using this input structure are

shown in Table II.

To address the problems associated with the twisted-pair

In the first prototype of the CTTS, the ac—dc input signahanganin input lead, an input lead based on semi-rigid coaxial
lead was 0.0127 cm twisted-pair manganin wire, about 45 arable was designed and installed in the cryostat. Maintaining
long, which was thermally anchored to the liquid nitrogen ancbaxial symmetry while thermally grounding the outer and
liquid helium tanks and to the 4 K cold plate. Although maninner conductors was accomplished by breaking the cable
ganin wire of this size is a relatively poor heat conductor, and ah two places and routing the conductors across aluminum

appropriate choice for cryogenic applications, it is a rather pooxide (alumina) substrates which are normally used to mount

Conyeriersnge

Felerance g™ ™
platform Sk

IV. NORMAL METAL INPUT TRANSMISSIONLINES
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TABLE I
AC-DC DIFFERENCES OF THECTTSAS A VOLTAGE CONVERTER WITH DIFFERENT INPUT TRANSMISSION STRUCTURES THE UNCERTAINTIES ARE THEkK = 2
TYPE A UNCERTAINTIES OF THEMEASUREMENT PROCESS *EXTRAPOLATED FROM LOWER FREQUENCIES

I&F:]Lg Ac-dc Difference (WV/V)
Type 100Hz | 400Hz | 1kHz 10 kHz 20kHz | S50kHz | 100 kHz
~ Manganin_| 7708 | +2620%10] +5463* | +13953* | +28 120
Norcngi?gfta' 129+7 | <1875 | 2147 +33212 | +37747 | +956%7 | +1647%6
YBCOHTS | 20412 | -264%9 | 24629 | 22726 | 24610 ] -142%12 | +12:9| +362%6

thin-film thermal converters [6]. The conductors were soldered
to the tabs on the substrate; the substrates were then anchorec
the liquid nitrogen tank and 4 K cold plate of the cryostat. The
distance from the substrate to the SMA input connector on the
reference platform was spanned by about 4 cm of twisted-pai
manganin wire. A photograph of the coaxial transmission line ~ Reference

mounted to the cryostat cold plate is shown in Fig. 4. Platform
As shown in Table Il, measurements indicated that the coaxia
input transmission line was a considerable improvement ove SMA

the manganin twisted-pair wire. In an attempt to separate tht sonnector
errors arising from thermoelectric (dc) effects on the chip from To piatform
those ac effects from the transmission line, the CTTS was mesé

sured against a fast-reversed DC (FRDC) source [7] at sever:

switching frequencies. The results (Fig. 5) show that the thermo

electric errors are quite small, indicating that the primary con- 4C§d
tributions to the ac—dc difference in the CTTS were from ac ef- Plate

fects, such as reactance in the input leads. These effects we

exacerbated by the 45 cm length of the line which resulted in ¢ ¢,ayial

lead resistance of about $band capacitance of about 2200 pF.  Transmission
Line

V. SUPERCONDUCTINGINPUT TRANSMISSIONLINE

Alumina Substrate

To attempt to reduce the components of ac—dc difference as-
sociated with the normal-metal transmission line, a transmissiof: 4- The 4K cold plate of the cryostat showing the reference platform,
line made of a crystalline thin film of YBACusO,, (YBCO) de- coaxial transmission line, and alumina substrate.
posited on a substrate of lanthanum aluminate was fabricated
and installed in the cryostat [8]. This structure, shown in Fig. 6~ +4.0
carries the input signal between the 77 K region at the nitroge ] T + T
shield and the 4 K region inside the helium shield. Since thr  +20¢+ T T T
YBCO is well below its 90 K critical temperature, this trans- &=
mission line greatly enhances the thermal isolation to the e» 8% g0

perimental platform while providing better electrical properties T§ ¢ * *

v
»

D

than the previous coaxial line. In fact, the input resistance ¢ g 20+ ¢ 4 *
the CTTS at its operating temperature is approximatélythe Eg - L
bulk of which is the 72 signal heater. The remainder of the s 40+
input resistance is in the tracks that carry the signal under tr ' B ] 1
radiation shield to the converter stage. - .

To maximize the thermal isolation of the YBCO line from '6'%.01 01 1 10

the laboratory environment, a 7 cm extension was fitted to th
outside of the cryostat vacuum jacket. This extension contains
a high aspect ratio, copper coplanar stripline, patterned on cefy: 5, FRDC-dc difference of the CTTS with the normal-metal input line.
ventional circuit board. This transmission line carries the inpleasurement voltage is 15 mV. Uncertainty bars areithe= 2 Type A
signal between the room temperature BNC feedthrough and tigerainties of the measurement process.
77 K nitrogen shield.

Measurements on the CTTS using the new Highransmis- line as a voltage converter. The voltage level dependence of the
sion line are presented in Table Il. These measurements sho@Ta'S (Table IIl) with the YBCO line is rather large, and an in-
large improvement over the normal-metal coaxial transmissiditation of the variation of th&, of the sensor caused by differ-

Frequency in kHz
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Coaxial YBCO
Line to Transmission

Platform Line

Reference
Platform

4K He Shield N Shield Cryostat

Cold Vacuum
Plate Jacket

Fig. 6. Interior of cryostat showing the YBCO transmission line in its supporﬁ

TABLE Il

VOLTAGE LEVEL DEPENDENCE OF THECTTSAT 1 kHz. THE UNCERTAINTIES
ARE THE k = 2 TYPE A UNCERTAINTIES OF THEMEASUREMENT PROCESS

Input Voltage Ac-dc Difference (UV/V)
10 mV -180+21
14 mV -228+6
16 mV -234+9
TABLE IV

MEASUREMENTS ON THECTTS AS A CURRENT CONVERTER THE
UNCERTAINTIES ARE THELE = 2 TYPE A UNCERTAINTIES OF THE

MEASUREMENT PROCESS
Input Ac-dc Difference (LA/A)
Current 10 kHz 20 kHz 50 kHz 100 kHz
500 pA +9+7 +26£9 +98+7 | +288x6
700 pA +2+4 +18+9 +92+5 | +285+7
1 mA +24+6 +41£3 | +111+£3 [ +297+3

ences in the magnetic field coupling between the signal heater

and TES at different heater currents.
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ative to the NIST standard TCC,; the large differences shown in
Table IV are the result of the large correction to the NIST stan-

dard. This data compares favorably with earlier data taken with
the twisted-pair manganin input leads, indicating that the ac—dc
differences of the CTTS as a TCC are independent of transmis-
sion line type, as expected.

VI. CONCLUSIONS AND FUTURE PLANS

We have presented data indicating substantial improvements
in the CTTS due to continuing improvements in the input trans-
mission line and control leads. Indications are that this will
be a viable approach to a new type of ac—dc primary standard
that may prove better than existing standards, especially in the
low-power regime. The primary focus of this project in the near
term is to address the instability of the measurement process
(represented by the large Type A uncertainties). A promising ap-
proach is to use PID control software external to the temperature
controllers in conjunction with a high-performance dc source to
supply a more stable feedback signal to the TES chip. We also
lan to add shielding to the chip to isolate the TES from mag-
etic fields arising from currents in the signal and trim resistors,
and to investigate improved resistance measurement techniques.
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